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Summary  This  study  compared  two  different  laminar  airﬂow  distribution  strate-
gies  —  horizontal  and  vertical  —  and  investigated  the  effectiveness  of  both
ventilation  systems  in  terms  of  reducing  the  sedimentation  and  distribution  of
bacteria-carrying  particles.  Three  different  staff  clothing  systems,  which  resulted  in
source  strengths  of  1.5,  4  and  5  CFU/s  per  person,  were  considered.  The  exploration
was  conducted  numerically  using  a  computational  ﬂuid  dynamics  technique.  Active
and  passive  air  sampling  methods  were  simulated  in  addition  to  recovery  tests,  and
the  results  were  compared.  Model  validation  was  performed  through  comparisons
with  measurement  data  from  the  published  literature.  The  recovery  test  yielded
a  value  of  8.1  min  for  the  horizontal  ventilation  scenario  and  11.9  min  for  the  ver-
tical  ventilation  system.  Fewer  particles  were  captured  by  the  slit  sampler  and  in
sedimentation  areas  with  the  horizontal  ventilation  system.  The  simulated  results
revealed  that  under  identical  conditions  in  the  examined  operating  room,  the  hor-
izontal  laminar  ventilation  system  performed  better  than  the  vertical  option.  The
internal  constellation  of  lamps,  the  surgical  team  and  objects  could  have  a  seri-
ous  effect  on  the  movement  of  infectious  particles  and  therefore  on  postoperative
surgical  site  infections.
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measured data.  The  agreements  are  within  the  lim- numerical  assessment  on  different  laminar  airﬂow
ntroduction
urgical  site  infections  (SSIs)  are  the  most  com-
on nosocomial  infections  that  result  from  surgery.
hese  infections  contribute  to  higher  patient  mor-
ality and  considerably  longer  hospitalization  and
mpose severe  demands  on  healthcare  services  [1].
atients who  develop  deep  SSIs  suffer  from  severe
ain,  insecurity  and  isolation  [2].  The  main  cause  of
SI is bacterial  contamination  that  is suspended  in
he operating  room  (OR)  air,  mainly  from  infected
kin squames  that  are  shed  by  staff  members.  It
s generally  accepted  that  Staphylococcus  aureus
s the  main  relevant  bacterial  species  found  in
Rs and  is the  most  common  cause  of  SSIs  [3—5].
he postoperative  infection  rate  generally  depends
n several  factors,  which  include  the  level  of  air-
orne  bacteria  and  the  quality  of  the  air  within
he OR.  An  appropriate  ventilation  system  is  the
rimary  means  for  acquiring  a  safe  and  healthy
ndoor OR  environment  to  preserve  air  quality  and
or diluting  and  removing  airborne  bacteria,  anes-
hetic gases,  and  odors  from  the  surgical  zone.  The
R ventilation  system  should  also  provide  comfort-
ble  working  conditions  and  an  appropriate  level
f thermal  comfort  for  the  personnel  to  facilitate
heir work  during  an  operation.  There  is  a  signif-
cant difference  concerning  the  ability  of  various
irﬂow systems  to  prevent  bacterial  emission  into
he OR  surgical  area.
The  most  common  ventilation  systems  used  in
Rs today  are  ultraclean  ventilation  systems  com-
only known  as  laminar  airﬂow  (LAF)  ventilation
ystems. Alternative  methods  include  mixing  and
isplacement  ventilation,  which  differ  from  LAF
ystems  primarily  in  terms  of  the  methods  used  to
upply and  extract  air.
LAF  ventilation  is  an  air  distribution  strategy
or supplying  air  in  a  parallel  manner  through  the
R. This  is  achieved  by  providing  large  volumes  of
ir with  a  uniform  ﬂow  ﬁeld  over  the  clean  zone.
he idea  is  to  swipe  away  or  wash  out  any  micro-
iological contamination  from  the  surgical  zone
nd prevent  bacteria-carrying  particles  (BCPs)  from
eing encountered  in  the  wound  area.  This  ventila-
ion system  offers  high  air-change  efﬁciency  at  a
ow supply-air  velocity  to  control  air  contaminant
ransport. Depending  on  the  conﬁguration  of  the
iffusers,  it  may  be  possible  to  introduce  a single-
r multi-zone  area.
What  remains  unclear  is  which  type  of  LAF  ven-
ilation system  —  that  is,  vertical  or  horizontal  —  is
ost appropriate  to  use  during  infection-prone  sur-
eries. Several  studies  have  been  conducted  that
xplored  the  relative  merits  of  each  LAF  system
6—11].
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Indoor  obstacles,  including  surgical  personnel,
edical lamps  and  equipment,  are  considered  to
e the  main  factors  that  inﬂuence  airﬂow  patterns,
nd they  can  easily  affect  the  unidirectional  air-
ow pattern  of  a  vertical  LAF  system  [12,13].  It
as been  reported  that  the  heads  of  OR  personnel
re sometimes  positioned  directly  above  the  surgi-
al site  in  the  LAF  stream  from  the  ceiling  down  to
he wound  [14]. This  can  cause  BCPs  to  fall  directly
nto the  wound.  It  has  been  shown  that  vertical  LAF
nhances  BCP  sedimentation  by  adding  an  inertial
mpaction  factor  [15].
To avoid  these  vertical  airﬂow  pattern  disadvan-
ages in  ORs,  a  horizontal  LAF  has  been  suggested  as
n alternative  [6,16]. A  unidirectional  lateral  venti-
ation system  will  avoid  obstacles,  such  as  surgeons
nd medical  lamps;  however,  it  is  very  sensitive
o internal  staff  member  and  equipment  constel-
ations that  are  present  in  ORs.  The  literature  has
iscussed  that  improper  positioning  of  OR  surgical
eam  members  when  horizontal  airﬂow  systems  are
tilized may  increase  infection  rates  [16].
The purpose  of the  present  study  was  to  assess
nd explore  the  performance  of  these  two  unidi-
ectional ventilation  scenarios  in  reducing  the  BCP
oncentration/sedimentation  level  in  the  surgical
one.
aterials and methods
he case study
he  OR  spatial  arrangement,  which  has  been  used
n other  authors’  previous  work  [17,18],  was  cho-
en as  the  physical  model  for  the  current  study.
he OR  was  designed  for  Nya  Karolinska  Sjukhuset,
 hospital  under  construction  in  Stockholm.  The
R dimensions  were  L  8.5  m  ×  W  7.7  m  ×  H  3.2  m,
ith the  physical  conﬁguration  shown  in  Fig.  1.
he internal  conﬁguration  of  the  OR  personnel  and
ther objects  within  the  OR  were  appropriately
rranged based  on  the  DIN  1946-4  [19].
Ventilating  air  at a temperature  of  20 ◦C  was
ntroduced to  the  OR  with  a total  air  volume  ﬂow
ate of  2.5  m3/s,  which  gave  a nominal  exchange
ate of 47  h−1. Ten  surgical  staff  members  were
bserved in  upright  stationary  positions  and  mostly
urrounded  the  operating  table.  A  detailed  vali-
ation of  the  airﬂow  ﬁeld  was  performed  in  terms
f velocity  and  temperature  [17]  as  well  as  particle
istribution  [20]  between  the  numerical  results  andts required  for  engineering  accuracy.  However,  the
spect was  beyond  the  scope  of  the  present  study
nd is  therefore  not  discussed  here.
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 of  Figure  1  An  isometric  view
Computational ﬂuid dynamics
The  indoor  airﬂow  complexity  makes  experimental
investigation  very  difﬁcult  and  expensive,  espe-
cially in  sensitive  indoor  environments  such  as
ORs. Rapid  advances  in  computer  capacity  have
meant that  the  computational  ﬂuid  dynamics  (CFD)
technique  has  become  a  powerful  alternative  for
predicting  the  airﬂow  ﬁeld  in  enclosed  environ-
ments. CFD  is  a  branch  of  ﬂuid  mechanics  that  has
been used  extensively  as  a  numerical  tool  to  assess
and visualize  air  movement,  temperature  distribu-
tions and  particle  concentrations  [12,21—25].
Additionally, valuable  predictions  regarding
infection situations,  such  as  colony-forming  units
(CFUs), as  well  as  ventilation  systems,  such  as
air velocity,  temperature  and  humidity  in  discrete
OR locations,  have  made  it  possible  to  clarify
uncertainties during  early  design  stages.  Obtain-
ing precise  information  can  provide  an  important
foundation on  which  to  base  design  decisions.
The CFD  technique  typically  has  four  main  steps,
which are  described  below.
Geometry:  The  ﬁrst  step  is  to  deﬁne  the  geomet-
rical conﬁguration  (computational  domain)  of  the
problem.  For  complex  geometries,  some  degree
of simpliﬁcation  is  essential  to  focus  on  the
parts of  the  room  space  that  are  most  likely  to
be important.  Hence,  unimportant  furniture  and
equipment  may  have  to  be  ignored,  and  simplethe  operating  room  model.
geometric  representations  of  people  are  consid-
ered.  In  cases  where  the  circuit  interest  is  in  the
ﬂow pattern  detail  or  particle  distribution  near  an
object or  a person,  realistic  feature  modes  should
be considered  [26].
Mesh:  The  spatial  geometric  space  occupied  by
the ﬂuid  is  then  subdivided  into  discrete  cells,
which  are  known  as  a  grid  or  mesh.  The  num-
ber of  cells  governs  the  accuracy  of  a solution.
Optimal grids  are  often  ﬁner  in  areas  where  a
large variation  occurs  in  the  ﬂow  ﬁeld  and  coarser
in regions  with  relatively  little  change.  Particu-
lar attention  is  paid  to  the  areas  that  contain
the main  ﬂow,  heat  or  particle  sources  in  the
domain. As  the  grid  becomes  ﬁner,  the  calculations
will become  more  accurate.  However,  because  the
element number  increases,  calculations  become
much  more  demanding  in  terms  of  simulation  time
and computing  power.  To  minimize  the  grid  reso-
lution  effect  over  the  predicted  results,  variable
grid  densities  are  usually  generated  throughout
the geometry  to  ensure  that  the  results  were
appropriate and  do  not  vary  as  the  grid  density
increases; this  is  known  as  grid  dependency.  A  sys-
tematic search  for  grid-independent  results  forms
an essential  part  of all  high-quality  CFD  studies.
It is  difﬁcult  to  state  a typical  grid  resolution.  For
example,  the  current  calculations  are  run  to  res-
olutions  of  5.2  million  grid  elements.  When  the
resolution  increases  to  this  level,  computational
requirements  extend  beyond  the  capabilities  of  a
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single  computer  and  a  supercomputer  is  usually
required.
Solve: Once  the  mesh  has  been  chosen,  the  next
key issue  is  to  establish  the  physics  that  need  to
be included  to  calculate  the  airﬂow  and  proper-
ties. This  involves  specifying  the  ﬂuid  behavior
and properties  at  the  boundaries  of  the  problem,
that is,  the  inlet  diffusers,  exhaust  grills  and  the
particle  sources.  The  fundamental  basis  of  almost
all CFD  problems  is  the  Navier—Stokes  equation,
a mathematical  description  of  the  momentum
conservation  (Newton’s  second  law  of  motion).
Areas of  interest  in  infection  control  mainly
relate to  the  transport,  deposition  and  survival  of
bacteria-carrying  particles.  These  factors  must  be
considered  along  with  the  numerical  models  and
approaches  that  are  speciﬁc  to  the  situation.  The
movement  of  airborne  microorganisms  released
from staff  members  is  generally  characterized  as
discrete  particles  that  are  modeled  using  a  motion
equation.  The  equations  are  solved  by  an  itera-
tive method,  which  achieves  high  accuracy  using
a large  repetition  number.  Here,  the  equations
were solved  using  the  ANSYS  Fluent  15.0  double-
precision commercial  solver.
Post-processing:  CFD  simulations  do  not  end  with
the ﬂuid  ﬂow  and  particle  dispersal  prediction.
Beneﬁting from  the  prediction  requires  post-
processing that  gives  users  complete  insight  into
the results  of  the  ﬂuid  dynamics  simulation.  Thus,
at the  ﬁnal  stage,  a  post-processor  software  pro-
gram is  used  to  analyze  and  visualize  the  resulting
solution. This  is  done  using  vector  plots,  line  and
shaded contour  plots,  2D  and  3D  surface  plots,  par-
ticle tracking  and  animation  for  dynamic  results.
There are  limitations  in  the  application  of  CFD
echniques,  such  as  grid-dependent  solutions,  slow
r uncertain  convergences,  and  the  operator  skill
evel (a  skilled  operator  is  necessary).  However,
hose challenges  are  gradually  being  overcome  by
apid advances  in  the  computer  system  perfor-
ance level  and  substantial  improvements  in  the
verall CFD  software  user-friendliness.
acteriological air sampling and simulation
ethods
n  fact,  the  majority  of  atmospheric  monitoring  is
arried out  by  passive  air  sampling  (PAS)  and  active
ir sampling  (AAS),  as  they  have  different  pur-
oses. PAS  is  the  most  primitive  method  for  airborne
icroorganism  sampling  and  is  used  to  measure  the
iable particle  settlement  rate  onto  surfaces,  while
he AAS  method  provides  information  regarding  the
iable air  particle  volume  concentration.
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Because  air  sampling  is  typically  performed  dur-
ng given  surgical  procedures,  it  involves  ethical
nd logistical  issues  and  cannot  be  rigorously  stud-
ed. Furthermore,  infection  rate  predictions  in  the
esign stage  are  not  possible  because  the  physical
rocess is  needed.
In  the  current  study,  both  AAS  and  PAS
pproaches  were  numerically  simulated  to  explore
he OR  BCP  deposition  and  distribution.  Due  to  dif-
erent clothing  system  types,  three  different  source
trengths  (the  mean  BCP  value  emitted  from  one
erson per  second)  —  speciﬁcally,  1.5,  4  and  5  CFU/s
 were  considered  for  each  staff  member  [27,28].
he particles  were  introduced  into  the  OR  from  the
ead and  neck  of  the  OR  personnel,  and  they  were
onsidered  to  have  escaped  the  domain  when  they
eached  air  exhaust  outlets  and  their  trajectories
ere terminated.  Moreover,  the  particle  trajectory
alculations were  terminated  or  were  considered
‘trapped’’ after  they  hit  a rigid  surface  and  no
ebounding  was  taken  into  account.
To mimic  the  AAS  method,  four  slit  samplers
ere placed  over  the  operating  table,  mayo  stands
nd instrument  tables.  OR  air  was  drawn  through
he slit  opening  at  a  ﬂow  rate  of  100  L/min  for
0 min.  This  gives  a  total  air  volume  of  1  m3,  and
CP counts  were  then  explored  as  CFU/m3. In  this
ase, the  OR  was  exposed  to  the  amount  of  par-
icles generated  by  the  surgical  team  members
uring this  10-min  period.  To  simulate  the  PAS
pproach,  the  surface  areas  of  the  operating  and
nstrument  tables  were  considered  as  settlement
lates. Here,  the  OR  was  exposed  to  the  amount
f particles  generated  by  the  surgical  team  over
 h  and  the  results  were  explored  as  CFU/m2 h.
adrizadeh  et  al.  [17,20]  provided  a  more  detailed
xplanation  regarding  the  numerical  calculation  of
he AAS  and  PAS  approaches.
ecovery tests
ecovery  tests  are  performed  to  determine  the
bility of  the  OR  ventilation  systems  to  eliminate
irborne particles  within  a  ﬁnite  amount  of  time
fter a  brief  exposure  to  an  airborne  particulate
hallenge source  [29].  The  recovery  time  is  the
ime, in  minutes,  for  the  particle  concentration  to
ecrease by  two  orders  of  magnitude.  That  is,  the
ime it  takes  for  each  location  to  recover  from  1000
imes the  target  concentration  to  10  times  the  tar-
et. The  slowest  recovery  location  in  the  cleanroom
eﬁnes the  room  recovery  rate  as  well  as  a  parti-
le concentration  reduction  by  99  percent  within  a
peciﬁed time  limitation  of  25  min.  Recovery  per-
ormance  can  also  be  evaluated  using  the  particle
512  S.  Sadrizadeh,  S.  Holmberg
Table  1  Air  contamination  by  bacteria-carrying  particles,  expressed  as  the  mean  ±  standard  deviation,  for  three
different  source  strength  values  in  the  horizontal  and  vertical  LAF  systems.  (The  CFD  simulation  results  were  based
on  the  active  air-sampling  method.).
Source
strength
LAF  type  OT  MS  IT  1  IT  2  P  value
CFU/m3,
mean  ±  SD
CFU/m3,
mean  ±  SD
CFU/m3,
mean  ±  SD
CFU/m3,
mean  ±  SD
5  CFU/s
Horizontal  15.15  ±  3.21  15.35  ±  3.11  9.19  ±  2.53  11.48  ±  3.22  0.43
Vertical  33.93  ±  4.57  27.01  ±  3.57  11.28  ±  2.77  17.67  ±  3.51  0.32
4  CFU/s
Horizontal  11.32  ±  3.34  11.41  ±  3.21  7.12  ±  2.41  8.63  ±  2.58  0.37
Vertical  29.30  ±  5.05  21.52  ±  3.83  8.32  ±  2.87  15.66  ±  3.08  0.31
1.5  CFU/s
Horizontal  4.51  ±  4.74  4.13  ±  3.18  2.48  ±  2.83  3.15  ±  3.01  0.21
Vertical 10.21  ±  9.25 9.53  ±  8.78 4.02  ±  4.59 6.87  ±  5.86  0.19
LAF, laminar airﬂow; OT, operating table; MS, mayo stands table; IT, instrument table; CFU, colony-forming unit; SD, standard
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concentration  change  rate  by  calculating  the  parti-
cle concentration  decay  curve  slope.
In  this  study,  based  on  DIN  1946-4  [19], the  OR
was exposed  to  3500  particles/m3 of  air  (0.5  m).
The time  taken  to  reduce  the  particle  concen-
tration by  two  orders  of  magnitude  was  then
calculated.
Results
The  OR  lateral  and  vertical  ventilation  strategy
performance was  examined  by  CFD  calculations.
Both active  and  passive  air  sampling  methods  were
numerically  examined  to  assess  the  particle  con-
centration  within  the  surgical  zone.  Three  different
source  strengths  were  considered  in  relation  to
three different  clothing  systems.  For  both  of  the
active and  passive  air  sampling  methods,  the  CFD
simulation  results  are  provided  in  Tables  1  and  2,
t
e
Table  2  Bacteria-carrying  particle  sedimentation,  expresse
source  strength  values  in  the  horizontal  and  vertical  LAF  sy
passive  air-sampling  method.).
Source
strength
LAF  type  OT  MS  
CFU/m2/h,
mean  ±  SD
CFU/m2/
mean  ±  S
5  CFU/s
Horizontal  497.31  ±  62.5  184.36  ±
Vertical  1892.69  ±  86.1  318.74  ±
4  CFU/s
Horizontal  397.85  ±  16.1  147.49  ±
Vertical  1514.15  ±  38.1  254.99  ±
1.5  CFU/s
Horizontal  150.21  ±  98.6  60.15  ±
Vertical  571.80  ±  153.4  98.62  ±
LAF, laminar airﬂow; OT, operating table; MS, mayo stands table; 
deviation.nd  all  three  source  strengths  are  included.  The
alues  are  expressed  as  the  mean  ±  standard  devi-
tion.
When the  OR  was  supplied  by  a horizontal  LAF
entilation system,  the  BCP  counts  over  the  oper-
ting table  for  the  three  source  strengths  were
5.15, 11.32  and  4.51  CFU/m3.  Once  the  vertical
AF system  functions  in  the  OR  were  evaluated,
hese values  increased  dramatically  to  33.93,  29.3
nd 10.21,  respectively.  The  BCP  counts  over  the
ables  were  not  the  same  because  the  airﬂow  pat-
ern was  not  fully  mixed,  although  the  same  trend
as been  reported  for  other  tables.
The BCP  sedimentation  results  (CFU/m2 h)  that
re provided  in  Table  2  reveal  the  same  trend.  More
articles  settled  over  the  tables  when  the  OR  was
upplied  with  the  vertical  ventilation  system.Fig.  2  shows  the  recovery  test  results  for  both  of
he examined  LAF  ventilation  systems.  The  recov-
ry time  for  the  horizontal  LAF  system  was  8.1  min,
d  as  the  mean  ±  standard  deviation,  for  three  different
stems.  (The  CFD  simulation  results  were  based  on  the
IT  1  IT  2  P  value
h,
D
CFU/m2/h,
mean  ±  SD
CFU/m2/h,
mean  ±  SD
 15.5  179.14  ±  11.9  666.54  ±  14.6  0.68
 65.4  366.41  ±  61.5  1064.81  ±  90.4  0.38
 8.7  143.31  ±  5.9  533.23  ±  17.6  0.53
 12.7  293.13  ±  17.2  851.85  ±  20.6  0.50
 30.2  57.81  ±  25.1  197.11  ±  19.5  0.39
 42.  2  111.38  ±  50.1  312.91  ±  25.8  0.33
IT, instrument table; CFU, colony-forming unit; SD, standard
A numerical  assessment  on  different  laminar  airﬂow  ve
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Figure  2  Recovery  tests  for  the  vertical  and  horizontal
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hile  this  time  increased  to  11.9  min  in  the  vertical
AF scenario.
Figs.  3  and  4  display  the  CFD  predicted  airﬂow
atterns over  a  vertical  plane  passing  through  the
enterline  of  the  operating  tables.  It  is  clear  that
edical  lamps  and  the  thermal  plume  that  was
nduced  by  temperature  differences  between  the
nvironment  and  heat  sources  (e.g.,  the  equip-
ent, medical  lamps  and  staff  members)  had  no
bvious  inﬂuence  on  the  horizontal  LAF  patterns
Fig.  3).  Additionally,  streamlines  were  straight  and
arallel from  the  air-supply  diffuser  to  the  surgical
one over  the  operating  table.
When the  OR  was  supplied  with  the  vertical  LAF
ystem, reverse  ﬂows  occurred  in  the  marginal  side
f the  surgical  zone  (Fig.  4).
a
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Figure  3  Velocity  streamlines  in  an  OR  sntilation  systems  513
iscussion
t is  widely  accepted  that  clean  surgeries  with
 moderate  or  high  risk  of  infection  (such  as
rthopedic and  implant  surgeries)  should  be  per-
ormed  in  an  ultra-clean  atmosphere.  The  accepted
nternational deﬁnition  of  ultra-clean  is  air  that
ontains  less  than  10  CFU/m3 (AAS  approach)  and
as a corresponding  surface  contamination  rate  of
50 CFU/m2 h (PAS  method)  [9]. Based  on  the  results
rovided  in  Tables  1  and  2, infection-prone  surger-
es can  be  performed  safely  in  current  ORs  when
hey are  supplied  with  a horizontal  LAF  system,
specially when  the  staff  is  dressed  in  a  clothing
ystem that  has  a high  protective  capacity.  This  is
n line  with  the  results  reported  by  Waaij  et  al.
30]  in  which  the  settling  velocity  was  found  to  be
tronger  under  vertical  ventilation  than  with  hor-
zontal ventilation.  Additionally,  a  proper  clothing
ystem  has  an  obvious  effect  on  reducing  the  source
trength  [31]  and  leads  to  lower  surface  and  air  BCP
ount concentrations  that  come  into  contact  with
he surgical  area.
The  recovery  test  results  displayed  considerably
ess recovery  time  in  the  horizontal  ventilation  case
han in  the  vertical  ventilation  case.  This  result
ndicates that  the  horizontal  ventilation  strategy
enerates  less  turbulence  than  the  vertical  strat-
gy. Quite  strong  eddies  (see  Fig.  4),  which  were
enerated  by  the  vertical  ventilation  system,  may
rap the  emitted  particles  for  a  long  time,  which
eans they  cannot  be  evacuated  from  the  surgical
rea.
When  a horizontal  ventilation  system  is
mployed, improper  positioning  of  OR  person-
el may  disrupt  the  unidirectional  ﬂow  pattern.
upplied  by  a  horizontal  LAF  system.
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To  maintain  a  low  CFU  concentration  surrounding
the patient,  especially  in  the  area  that  is  close
to the  surgical  site,  the  direction  of  the  patient
should be  prescribed  correctly  and  the  CFU  sources
(that is,  the  personnel)  should  be  positioned
downstream  of  the  wound  area.  Because  the
ﬂow is ventilated  tangentially  to  the  instrument
tables and  the  surgical  site  zone  (see  Fig.  3),
this ventilation  system  can  greatly  reduce  BCP
levels.
If a  vertical  LAF  ventilation  system  is  uti-
lized, obstacles  such  as  the  surgeons’  heads  and
operating  lamps  become  increasingly  important
[13,32].  Currently,  many  medical  devices  that  dis-
turb the  unidirectional  downward  ﬂow  are  installed
above the  operating  area,  which  can  reduce
the performance  of  the  vertical  LAF  ventilation
strategy. Moreover,  the  heat  generated  by  med-
ical devices  and  surgical  team  members  has  a
remarkably  negative  effect  on  the  vertical  LAF
systems.
There  is  a  considerable  stagnant  area  behind  sur-
gical lamps  with  large  surface  areas  when  they  are
interposed  in  the  unidirectional  down  ﬂow  streams.
This stagnant  area  may  include  a  high  bacteria
concentration because  it  is  usually  close  to  the
contamination  source,  such  as  a  surgeon.  Proper
positioning  of  the  lamp,  as  well  as  small  surgi-
cal lamps,  may  be  able  to  moderate  the  stagnant
area and  thus  reduce  the  BCP  concentration  [33].
In a  vertical  LAF  system,  particle  sources,  such
as surgeons,  are  always  positioned  upstream  of
the surgical  area.  This  may  cause  the  BCPs  to  be
brought  to  the  open  wound  site  and  may  increase
SSI susceptibility.
p
l
A
g OR  supplied  by  a  vertical  LAF.
onclusion
R  ventilation  strategies  have  been  identiﬁed  as  a
ey factor  in  the  governing  of  airborne  pathogenic
article dispersion.  Obstacle  positions,  such  as
edical  lamps,  surgical  staff  and  equipment,  were
ound to  be  critical.  The  initial  source  strength
f staff  members  due  to  different  clothing  sys-
ems  is  essential.  Under  identical  conditions  in  our
bserved  OR,  the  horizontal  LAF  system  performed
etter than  the  vertical  one.  In  ORs  ventilated  with
 vertical  LAF  scheme,  the  need  for  small  surgi-
al lamps  is  more  important,  as  the  lamps  may
e positioned  above  the  surgical  site,  which  can
ause a stagnant  area  with  a high  bacteria  con-
entration.  However,  operating  lamps  and  thermal
lumes  have  little  effect  on  the  horizontal  airﬂow
attern. Using  clothing  systems  with  a more  protec-
ive capacity  may  reduce  the  surgical  staff  source
trength,  which  can  reduce  the  particle  concentra-
ion within  the  OR.  Our  results  indicate  that  with
ither horizontal  or  vertical  ventilation,  it is  not
ossible  to  expect  a  microbiological  air  quality  with
he desired  level  of  <10  CFU/m3 when  using  clothes
hat have  a  mean  source  strength  of  approximately
 or  5  CFU/s.
If  space  constraints  and  workload  considerations
rovide enough  freedom  to  choose  between  two
AF systems,  horizontal  systems  are  a good  option
or OR  ventilation.  Moreover,  horizontal  systems  are
asy to  install  and  maintain,  comparatively  inex-
ensive, and  do  not  require  a change  of  surgical
amps or  pre-existing  air-conditioning  systems  [34].
dditionally, more  care  should  be  given  to  the  sur-
ical team  member  work  practices.  Because  the
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[ numerical  assessment  on  different  laminar  airﬂow
nidirectional  LAF  system  performance  is  highly
ensitive  to  the  internal  obstacle  constellation,  the
esigns of  these  ventilation  systems  are  complex.
roper outcomes  depend  not  only  on  overcoming
echnical complications  but  also  on  solving  and
ncorporating  human  factors,  such  as  OR  personnel
ositioning and  case-dependent  furniture  adjust-
ents.
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